Introduction
Acute GVHD, a major complication of allogeneic bone marrow transplantation (BMT), has limited the efficacy and application of this potent therapy. 1 Alloreactive donor T lymphocytes cause GVHD. Modulation of the molecular mechanisms of T lymphocyte functions by calcineurin inhibitors and other drugs have been the traditional targets for reducing GVHD. 1 Emerging data demonstrate that host APCs are critical for the induction of GVHD. 1 However, little is known about the APC autonomous molecular mechanisms that are critical for the modulation of GVHD.
Ikaros is a member of a family of zinc-finger nuclear proteins 2 that is expressed in hematopoietic progenitors and is an essential transcription factor for the development of lymphoid lineages. 2, 3 Ikaros has been implicated in the progress and development of T-cell leukemia and lymphoma. 4 The relevance of Ikaros in the modulation of T-cell responses is becoming increasingly appreciated. [5] [6] [7] [8] [9] [10] [11] The role of Ikaros in modulating dendritic cell (DC) responses is less clear, but is critical for the development and differentiation of DC subsets such as plasmacytoid DCs (pDCs). [12] [13] [14] The molecular mechanism and in vivo relevance of Ikaros in modulating DCs are not known.
Notch proteins belong to a family of highly conserved receptors that are proteolytically cleaved by the ␥-secretase complex after the binding of its ligands, 5 which translocates into the nucleus and activates the transcription of several target genes. 15, 16 Notch controls cell fate differentiation decisions during hematopoiesis and lymphoid development 5 and is an important modulator of mature T-cell responses under certain contexts. 5, 17 Emerging data demonstrate an important role for Notch signaling in the development and functional responses of DCs, 5, 18, 19 and it has also been shown to be relevant for the activation of T cells by DCs. 5, 20, 21 However, the cell-intrinsic factors that enhance Notch signaling in DCs are not known.
Ikaros is known to negatively regulate the response to Notch signaling, [22] [23] [24] and activation of Notch signaling has been shown to occur in the absence of Ikaros. The converging roles of IkarosNotch have been demonstrated on leukemogenesis [25] [26] [27] [28] and T-cell development, 22, 29 but whether the Ikaros-Notch axis is involved in the regulation of DC responses is unknown.
In the present study, we investigated the impact of Ikaros in host hematopoietic cell-derived APCs on the severity of GVHD. We show that deficiency of Ikaros in host APCs exacerbated GVHD. Mechanistic studies demonstrated that Ikaros regulated the in vitro and in vivo responses of DCs, which was dependent, at least in part, on enhanced Notch signaling. We demonstrate a critical role for a novel molecular pathway, the Ikaros-Notch axis, in host APCs as an important modulator of GVHD. and the National Cancer Institute. Ik Ϫ/Ϫ and IkDN ϩ/Ϫ mice were backcrossed to B6 mice for Ͼ 8 generations. 8 B6 CD4-Cre and Mx-Cre transgenic (Tg) ROSA26 DNMAMLf (DNMAML) mice expressing a Creinducible, dominant-negative, Mastermind-like pan-Notch inhibitor have been described previously. 15, 30 BMT recipient mice were housed and maintained as described in supplemental Methods (available on the Blood Web site; see the Supplemental Materials link at the top of the online article). All animals were cared for under regulations reviewed and approved by the University of Michigan Committee on Use and Care of Animals based on University Laboratory Animal Medicine guidelines.
Generation of BM chimeras
Bone marrow (BM) chimeras were generated as described previously 31 and as detailed in supplemental Methods.
BMT
BMTs were performed as described previously 31, 32 and as detailed in supplemental Methods.
Systemic and histopathologic analysis of GVHD
Survival after BMT was assessed daily. The degree of clinical and histopathologic GVHD was assessed as described previously and as detailed in supplemental Methods. 31 
DC cultures
BM cells from wild-type B6 (WT-B6), Ik Ϫ/Ϫ , IkDN ϩ/Ϫ , and BALB/c mice were cultured with murine recombinant GM-CSF (PeproTech) and isolated as described previously 33 and as detailed in supplemental Methods.
FACS analysis
Single-cell suspensions of spleens were prepared as described previously and as detailed in supplemental Methods. 31, 32 
Isolation of hepatic lymphocytes
Hepatic lymphocytes were isolated as described previously. 34 Briefly, livers from recipient male B6 mice were minced and suspended in PBS containing 1mM EDTA. Percoll was added to the cell suspension (Amersham Pharmacia Biotech) to a final concentration of 33%. After centrifugation for 30 minutes at room temperature, hepatic lymphocytes were collected from the bottom and contaminating RBCs were lysed.
MLR
Mixed-leukocyte reaction (MLR) cultures with splenic T cells and DCs and macrophages were performed as detailed in supplemental Methods.
Ex vivo suppression assay
CD4 ϩ CD25 Ϫ and CD4 ϩ CD25 ϩ T cells were isolated from hepatic cells pooled from 5 allogeneic BM chimeras using a CD4 ϩ CD25 ϩ regulatory T-cell isolation kit (Miltenyi Biotec) with auto MACS following the manufacturer's protocol. The purity of each type of cell was Ͼ 85%. 2.5 ϫ 10 3 CD4 ϩ CD25 ϩ T cells from these pooled allogeneic BM chimeras were incubated with 1 ϫ 10 4 CD4 ϩ CD25 Ϫ T cells obtained from the same animals. They were stimulated with 5 ϫ 10 4 irradiated ( 137 Cs source) WT-B6 splenocytes for 120 hours. In the titration assay, CD4 ϩ CD25 ϩ T cells from WT-BALB/c BM serially diluted from 2 ϫ 10 4 to 2500 cells/well and incubated with 2 ϫ 10 4 CD4 ϩ CD25 Ϫ T cells and 5 ϫ 10 3 irradiated B6 BM-derived DCs (BMDCs) for 120 hours. Incorporation of 3 Hthymidine (1 Ci/well) by the proliferating cells was measured during the last 18 hours of culture.
Cytokine ELISA
TNF-␣, IL-6, IL-1␤, IL-17A, and IFN-␥ were measured in serum and culture supernatants by ELISA according to the manufacturer's protocol (see supplemental Methods).
CFSE and apoptosis analysis
CD90.2 ϩ T cells were isolated from BALB/c mice, stained for CFSE, and subsequent apoptosis was identified based on staining for annexin V, as detailed in supplemental Methods.
Expression analysis by Q-PCR
Quantitative PCR (Q-PCR) was performed using SYBR Green dye as described in supplemental Methods. The primer sequence is shown in supplemental Table 1 .
Treatment with DAPT
BMDCs were treated with the ␥-secretase inhibitor N-[N-(3,5-difluorophenacetyl)-alanyl]-S-phenylglycine t-butyl ester (DAPT, 5M) overnight and then stimulated with MLR. MLR was performed as detailed in supplemental Methods. For the in vivo experiments, the [B6 3 B6Ly5.2] and [Ik Ϫ/Ϫ 3 B6Ly5.2] chimeras were transplanted as described in supplemental Methods. DAPT (50 g/kg) or the control diluents were administered by IP injection on days Ϫ1, ϩ1, and ϩ3 after BMT. 18 
Statistical analysis
The Mann-Whitney U test was used for statistical analysis of in vitro data, and the Wilcoxon rank test was used to analyze survival data. P Ͻ .05 was considered statistically significant.
Results

Ikaros deficiency in host APCs exacerbates GVHD in an experimental GVHD model
We first evaluated the role of Ikaros in host hematopoietically derived APCs on the severity of GVHD 1 by generating bone marrow chimeras. WT-B6 Ly5.2 animals were lethally irradiated with 11 Gy and infused with 5 ϫ 10 6 BM cells and 5 ϫ 10 6 splenocytes from syngeneic Ly5.1 WT B6 or Ik Ϫ/Ϫ B6 donors. Chimerism analyses of donor hematopoietic cells and donor CD11c ϩ demonstrated that these animals were complete donor chimeras (Ͼ 97%) 3 months after BMT (data not shown). The [B6 3 B6Ly5.2] or [Ik Ϫ/Ϫ 3 B6Ly5.2] chimeras were then used as recipients 4 months after primary BMT in a secondary allogeneic BMT. These recipient chimeras received 9 Gy and were injected IV with 2 ϫ 10 6 CD90 ϩ T cells, along with 5 ϫ 10 6 BM cells from either syngeneic B6 or the MHC-matched but multiple minor histocompatibility antigen (miHA)-mismatched allogeneic C3H.SW donors. All of the chimeras that received syngeneic T cells and BM cells survived the duration of the observation period with no signs of GVHD ( Figure 1A Figure 1A) .
The enhanced mortality in the allogeneic [Ik Ϫ/Ϫ 3 B6Ly5.2] animals was associated with greater severity of GVHD on day ϩ14 in the 3 GVHD-specific target organs-the liver, gastrointestinal tract (small and large bowels), and skin-than in the [B6 3 B6Ly5.2] allogeneic controls ( Figure 1B) . The increased severity persisted in the liver and gastrointestinal tract, but was not significantly different in the skin at later time points ( Figure 1B) . We next examined serum levels of IFN-␥ and IL-17 and donor We also examined whether the expansion of donor Tregs was affected after allogeneic BMT because of the known paucity of pDCs in the absence of Ikaros. 35 We found similar expansion of donor CD4 ϩ Foxp3 ϩ Tregs on days ϩ14 and ϩ21 in the spleens of both the allogeneic [Ik Ϫ/Ϫ 3 B6Ly5.2] and [B6 3 B6Ly5.2] animals ( Figure 1D ). We also examined donor Treg recovery from the liver, the GVHD target organ, which demonstrated a significant difference in GVHD-induced histopathologic damage. Consistent with recovery from the spleen, there was no significant difference in the recovery of donor CD4 ϩ Foxp3 ϩ Tregs from the host livers at day ϩ21 ( Figure 1D ). These data suggest that the absence of Ik in the host hematopoietic cells enhanced the expansion of T-effector cells without significantly altering the expansion of donor Tregs. To further analyze whether the absence of Ikaros altered the function of the donor Tregs, we next harvested the host livers at day 21 and analyzed the function of the donor CD4 ϩ CD25 ϩ T cells in an ex vivo suppression assay. The donor CD4 ϩ CD25 ϩ T cells recovered from the livers of both Ik-deficient and WT chimeras demonstrated equivalent suppression of the isolated CD4 ϩ CD25 Ϫ T effector cells ( Figure 1D ). These data indicate that the absence of Ik in host hematopoietic cells did not alter donor Treg expansion or function in the liver, the GVHD target organ.
To preclude strain-specific responses, we used the [B6 Figure 1A , the allogeneic [Ik Ϫ/Ϫ 3 B6Ly5.2] animals showed greater mortality with more severe GVHD than the allogeneic [B6 3 B6Ly5.2] recipients ( Figure 1E ).
To confirm the impact of Ikaros deficiency in host APCs on GVHD, we also used Ikaros dominant-negative (IkDN ϩ/Ϫ ) mice to generate the [IkDN ϩ/Ϫ 3 B6Ly5.2] and the control [B6 3 B6Ly5.2] chimeras. These chimeras were irradiated with 9 Gy and transplanted with 2 ϫ 10 6 CD90 ϩ splenic T cells along with 5 ϫ 10 6 BM cells from either syngeneic B6 or allogeneic C3H.SW donors. As shown in Figure 1F , the allogeneic [IkDN ϩ/Ϫ 3 B6Ly5.2] animals demonstrated significantly greater mortality than the allogeneic [B6 3 B6Ly5.2] animals (100% vs 50%, respectively, P Ͻ .05).
Effect of Ikaros on the numbers and phenotype of conventional DCs
To evaluate the mechanism of enhanced GVHD, we focused on DCs because they are the most potent APCs and because host-type DCs have been shown to be sufficient for the induction of GVHD. 32 We determined the effect of Ikaros deficiency on the numbers and phenotype of DCs. The total splenocyte count was significantly lower in the Ikaros-deficient, Ik Ϫ/Ϫ mice, compared with WT animals ( Figure 2A ). Although no differences were observed in the percentage of CD11c ϩ DCs, the absolute numbers were lower and the percentage of CD8 ϩ DCs was higher in the Ik-deficient animals compared with WT animals ( Figure 2B-D) . However, in contrast to a previous study, 12 we also found a similar percentage of CD8 Ϫ DCs in the spleens of Ik Ϫ/Ϫ mice ( Figure 2B-D) . The absolute numbers and percentage expression of costimulatory molecules such as CD80, CD86, CD40, CD83, and PDL1 was much lower in both CD8 ϩ and CD8 Ϫ CD11c ϩ splenic DCs in Ik Ϫ/Ϫ mice compared with WT animals ( Figure 2E-I) . The expression of MHC class II was similar in the CD8 ϩ and CD8 Ϫ CD11c ϩ splenic DCs from the WT and Ik Ϫ/Ϫ animals ( Figure 2J ). We also examined the percentage and number of pDCs and, in agreement with a previous study, found no pDCs in the spleens of Ik Ϫ/Ϫ mice (data not shown). 13 We next examined the phenotype of GM-CSF-induced BMDCs. The phenotype of GM-CSF induced BMDCs generated from Ik Ϫ/Ϫ mice was similar to that of WT BMDCs except for an increase in the surface of CD40 expression (supplemental Figure 1A-F) .
After the generation of the chimeras, it was possible that the reconstitution of the host hematopoietically derived APCs from the WT and the Ik Ϫ/Ϫ donors were different. Therefore, we analyzed the DC numbers/phenotype in the Ik Ϫ/Ϫ 3 B6Ly5.2 and the B6Ly5.1 3 B6Ly5.2 animals. We first evaluated the percentage and total numbers of the splenic CD11c ϩ DCs after the generation of BM chimeras. Consistent with the results from naive Ik-deficient and WT animals, the DC numbers and subsets were lower, whereas the percentage CD11c ϩ DCs and the CD8 ϩ and CD8 Ϫ DCs were similar in the [Ik Ϫ/Ϫ 3 B6Ly5.2] animals compared with the [WT B6 3 B6Ly5.2] animals ( Figure 3A-I ).
Ikaros deficiency enhances the functional responses of conventional DCs
Because of the above results, we next evaluated the functional responses of conventional DCs from WT and Ikaros-deficient, Ik Ϫ/Ϫ , and IkDN ϩ/Ϫ mice to investigate the source of the GVHD aggravation caused by the deficiency of Ikaros in host APCs. We first tested the effect of Ikaros deficiency on the innate immune responses of DCs that are triggered through TLRs, cell-surface molecules that recognize pathogen-associated molecular patterns.
.2] chimeras (n ϭ 5 animals/group) as shown by the black bars versus the gray bars, respectively (P Ͻ .05). Donor CD4 ϩ CD25 ϩ Foxp3 ϩ Treg expansion was analyzed in the spleens harvested on days ϩ14 and ϩ21 and in the liver harvested on day ϩ21 from the allogeneic [B6 3 Ly5.2] or [Ik Ϫ/Ϫ 3 B6Ly5.2] animals (n ϭ 5 animals/group) as shown by the black bars versus the gray bars, respectively (P ϭ not significant at both day ϩ14 and day ϩ21). The donor CD4 ϩ CD25 ϩ and the CD4 ϩ CD25 Ϫ T cells were isolated from the livers (pooled from 5 mice/group) harvested on day ϩ21 from the allogeneic [B6 
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BMDCs from WT, Ik Ϫ/Ϫ , and IkDN ϩ/Ϫ mice were stimulated with lipopolysaccharide (LPS), a potent stimulus of the innate immune response via TLR4. Ikaros-deficient DCs responded in a comparable manner to WT DCs, as determined by the secretion of TNF-␣, IL-6, IL-1␤, and IL-10 ( Figure 4A-D) . To rule out any potential impact of culture conditions used for the generation of BMDCs, we also determined the responses of freshly isolated splenic DCs from the WT, Ik Ϫ/Ϫ , and IkDN ϩ/Ϫ animals to LPS stimulation. Consistent with BMDC responses, the deficiency of Ikaros did not alter the responses of splenic DCs to LPS stimulation (supplemental Figure 2A-C ). These data demonstrate that intrinsic Ikaros deficiency did not alter conventional DC responses that are mediated through TLR-4 stimulation.
We next determined the effects of Ikaros deficiency in conventional DCs on alloresponses in an MLR assay. As shown in Figure  5A , deficiency of Ikaros in DCs significantly augmented allogeneic T-cell expansion. To determine whether the absence of Ikaros only modulated the function of CD11c ϩ DCs or that of other APC subsets as well, we also examined the ability of peritoneally derived F4/80 ϩ macrophages to stimulate allogeneic T cells. Macrophages derived from Ik Ϫ/Ϫ animals stimulated greater proliferation of allogeneic T cells compared with those from WT B6 animals ( Figure 5A ). IFN-␥ and IL-17 secretion in culture supernatants collected at 48 hours from the MLR was similarly increased ( Figure 5B ). Similar increases in the expansion of allogeneic T cells were also observed in the absence of Ikaros in conventional DCs when freshly isolated from the spleens of WT, Ik Ϫ/Ϫ , and IkDN ϩ/Ϫ animals and used as stimulators in MLR (supplemental Figure 3) .
We next determined whether Ik Ϫ/Ϫ DCs altered the phenotype and/or function of the naive allogeneic T cells that were cocultured with them. Allogeneic CD4 ϩ T cells stimulated with Ik Ϫ/Ϫ DCs showed no difference in the expression of CD69 or Foxp3, but demonstrated greater expression of CD25 with a decrease in CD62L expression compared with WT DCs ( Figure 5C) .
Furthermore, as shown in Figure 5D , deficiency of Ikaros in DCs enhanced the proliferation of the allogeneic T cells, as determined by CFSE staining, without causing a significant change in the rate of apoptosis compared with WT DCs (Figure 5D ).
To further analyze the cellular mechanisms for the enhanced allogeneic T-cell stimulation capacity of the Ikarosdeficient DCs, we examined the impact of dose escalation of Ik Ϫ/Ϫ DCs in mixing studies with WT DCs. Increasing the ratio of Ik Ϫ/Ϫ DCs to WT DCs caused increasing expansion of allogeneic T cells, suggesting that this is caused by a DC-autonomous defect in Ikaros ( Figure 5E ).
Because Tregs are known to suppress allogeneic T-cell responses, 36 we next examined whether the allogeneic T-cell expansion mediated by the Ikaros-deficient DCs was also suppressible by natural Tregs. Consistent with in vivo expansion and suppression data ( Figure 1D ), Tregs equivalently suppressed the proliferation of alloreactive T cells regardless of whether they were stimulated by the Ik Ϫ/Ϫ or WT DCs ( Figure 5F ).
Absence of Ikaros enhances Notch signaling in DCs
We next sought to determine the potential molecular mechanisms underpinning the regulation of DCs by Ikaros. Notch signaling is one of the major pathways modulating DC responses, 18,19,37 and has been shown to be negatively regulated by Ikaros in certain contexts. 23, 24, 26, 28, 29 Therefore, to elucidate the molecular mechanism of the effect of Ikaros on DC responses, we tested the hypothesis that deficiency of Ikaros in DCs enhances the Notch signaling pathway. DCs from the WT and Ik Ϫ/Ϫ animals were harvested and analyzed for their constitutive expression of Notch receptors, ligands, and the Notch target genes by Q-PCR, as described in "Expression analysis by Q-PCR." As shown in Figure 6A , compared with WT DCs, the Ik Ϫ/Ϫ DCs demonstrated significantly higher expression of both the Notch2 and Notch3 receptors and the Jagged-1 and Jagged-2 ligands. We next confirmed the increase in Notch signaling by the enhanced expression of several Notch target genes, such as Deltex-1, Hes-1, and pTa, in Ik Ϫ/Ϫ DCs compared with WT DCs (Figure 6B ). 5 A similar increase in Notch target genes was also observed in the Ik DN ϩ/Ϫ DCs (data not shown). These data show that deficiency of Ikaros in DCs is associated with a constitutive increase in the Notch signaling pathway in a cellautonomous manner.
Enhanced Notch signaling is critical for Ikaros-mediated modulation of DCs
To address the functional relevance of enhanced Notch signaling in causing the increased allostimulatory effects of the DCs deficient in Ikaros, we chemically inhibited the Notch pathway by pretreating DCs from Ik Ϫ/Ϫ and IkDN ϩ/Ϫ animals with the ␥-secretase inhibitor DAPT (5uM) or the diluent control, and then used them as stimulators of allogeneic T cells in an MLR. Pretreatment with DAPT mitigated the increased expansion of allogeneic T cells compared with the control diluent-treated Ik Ϫ/Ϫ and IkDN ϩ/Ϫ DCs ( Figure 6C ). DAPT treatment of Ik Ϫ/Ϫ and IkDN ϩ/Ϫ DCs did not completely abrogate the expansion of allogeneic T cells, but instead brought it to levels comparable to those caused by the control WT DCs ( Figure 6C) .
It was still possible that this reduction of expansion by the ␥-secretase inhibitor DAPT was not directly due to blockade of Notch signaling just in the Ikaros-deficient DCs, but may have also been due to potential effects on Notch signaling in the allogeneic T cells in the MLR. To demonstrate the direct and specific effect of Notch inhibition only in the Ik Ϫ/Ϫ DCs, we used T cells from a CD4-Cre ϫ ROSA26 DNMAML mouse as responders in an MLR with Ik Ϫ/Ϫ DCs that had been treated with either the DAPT or a diluent control. The mature CD4 ϩ T cells from this mouse show almost no canonical Notch signaling, so the DAPT did not have any effect on these T cells. 16, 18 As shown in Figure 6D , compared with diluenttreated Ik Ϫ/Ϫ DCs, treatment with DAPT reduced the expansion of the DNMAML T cells caused by the Ik Ϫ/Ϫ DCs.
We next determined whether enhanced Notch signaling in Ikaros-deficient DCs is also critical for the greater in vivo allogeneic donor T-cell expansion and the resultant aggravation of GVHD. We used the same allogeneic BMT model (C3H.SW3B6), in which activation and expansion of donor T cells by host APCs are critical for the induction of acute GVHD. 31 The [Ik Ϫ/Ϫ 3 B6Ly5.2] and the [B6 WT 3 B6Ly5.2] chimeras were lethally irradiated with 9 Gy and transplanted with 2 ϫ 10 6 CD90 ϩ T cells and 5 ϫ 10 6 BM cells from either the syngeneic B6 or the allogeneic C3H.SW donors. The allogeneic animals also received either 5g /kg of DAPT or the diluent control IP on day Ϫ1, ϩ1, and ϩ3. This schedule was chosen to minimize the toxicity of DAPT on the gastrointestinal tract 38, 39 and to maximize the exposure and effect of DAPT on host APCs, most of which cannot be detected in the spleen at later time points. 35 Ten days after BMT, these mice were examined for body weight loss (one of the clinical signs of GVHD) and the spleens were harvested for analyses of donor T-cell expansion. Figure 7A ). The allogeneic [B6 WT 3 B6Ly5.2] animals (n ϭ 8 per group) did not demonstrate a significant difference in weight loss regardless of whether they received DAPT or the diluent control ( Figure 7A) .
Consistent with the in vitro data, allogeneic donor T-cell expansion was significantly attenuated in the allogeneic [Ik Ϫ/Ϫ 3 B6Ly5.2] chimeras that received DAPT compared with control animals ( Figure 7B ). To rule out the possibility that this may have been due to a direct effect on donor T cells or on the function of normal WT DCs by DAPT, we also treated allogeneic [B6 3 B6Ly5.2] animals with or without DAPT. Notch inhibition with DAPT only modestly reduced T-cell expansion in these WT chimeras ( Figure 7B ). Although neither the weight loss nor the donor T-cell expansion were significantly different in the WT chimeras regardless of their treatment with DAPT or diluent, there was a trend toward blunting weight loss and T-cell expansion. These observations suggest that inhibition of Notch in cells/tissues other than host hematopoietically derived cells might also have a direct or indirect impact on GVH responses. Nonetheless, the short course of DAPT treatment did not prolong the overall long-term survival in these animals (data not shown), whereas the toxicity from prolonged administration of DAPT in the context of lethal radiation prevented the analyses of long-term Notch inhibition on overall survival in these models. 17 Nonetheless, our data, in conjunction with recent observations that a deficiency of Notch signaling in donor T cells alone does not abrogate their expansion after allogeneic BMT, 17 suggest that the effect observed in the Ik-deficient chimeras was at least in part due to the mitigation of excess Notch signaling observed in the Ik Ϫ/Ϫ host APCs. The data demonstrate that enhanced Notch signaling in Ik Ϫ/Ϫ host APCs is critical for regulating donor T-cell expansion and GVHD severity.
Discussion
Host DCs and other APCs are critical for the activation of alloreactive donor T cells and therefore the induction of GVHD. 1, 2 However, the host APC autonomous molecular mechanisms that can regulate GVHD remain poorly understood. In the present study, we showed that deficiency of Ikaros in host APCs aggravated the severity of GVHD. We addressed the role of Ikaros deficiency specifically in host APCs by making BM chimeras into WT hosts with 2 genetically distinct but complementary models: knock-out (Ik Ϫ/Ϫ ) and dominant-negative (IkDN ϩ/Ϫ ) chimeras. It is possible that the BM chimeras had a few radio-resistant host hematopoietic APCs and/or that they reconstituted not just the donor hematopoietically derived APCs, but also other cells such as vascular endothelial or BM stromal cells from donor cells. However, these models have been useful and critical for analyses of the role of hematopoiesis-derived APCs in modulating GVHD and graft-vsleukemia (GVL). 1,2,21,31,32 Although a reduction in total DCs was observed, deficiency of Ikaros did not lead to an increase in their activation phenotype. Functional studies demonstrated comparable innate TLR-4 responses but a greater allostimulatory function. Ikaros deficiency was associated with constitutively enhanced Notch signaling. For personal use only. on March 30, 2017 . by guest www.bloodjournal.org From
The role of APC subsets and their intrinsic molecular mechanisms in the severity of GVHD remain poorly understood. Nonetheless, host DCs alone have been shown to be sufficient for the induction of GVHD in the absence of other types of APC subsets, and one recent study demonstrated a critical role for the NF-kB/Rel family member RelB in host APCs in causing GVHD. 21 We have now extended those observations and demonstrated that the Ikaros-Notch axis is required in a host APC-autonomous fashion for the regulation of GVHD.
Ikaros is a critical transcription factor for the development of the lymphoid lineage, 40 but the function of Ikaros in differentiated and mature DCs is not clear. We found significantly fewer conventional CD8 ϩ and CD8 Ϫ CD11c ϩ DCs and no pDCs in Ik Ϫ/Ϫ animals compared with WT animals, which is consistent with previous studies. 12, 13 Whereas it is possible that the exacerbation of GVHD by the Ik Ϫ/Ϫ host APCs might have been due to the lack of immunoregulation by the pDC subsets, 13,41 a recent study demonstrated that host pDCs alone were sufficient to prime alloreactive T cells and cause GVHD, suggesting that a lack of pDCs in the absence of Ikaros does not explain the intensification of GVHD. 35 In contrast to the observations by Wu et al, we also found CD8␣ Ϫ DC subsets in the spleens of Ik Ϫ/Ϫ animals. 12 Both CD8␣ ϩ and CD8␣ Ϫ DCs were also found among the DCs generated from ex vivo BM cultures and after chimera generation, suggesting that deficiency of Ikaros did not significantly affect their generation and differentiation. This difference may have been because, in contrast to the study by Wu et al, in which the analyses were performed on Ik Ϫ/Ϫ in C57BL/6 ϫ 129 mice, we analyzed the DC phenotype from Ik Ϫ/Ϫ animals that had been back-crossed into the C57BL/6 background for 8 generations. In addition, Wu et al evaluated DC subsets after enrichment of splenocytes for DCs and then gating for CD11c ϩ cells only among the MHC II ϩ cells, and we analyzed for CD11c ϩ DC subsets in freshly harvested splenocytes by gating on all cells and without the potential artifact or loss of cells from enrichment. 12 Nevertheless, our data indicate that the intensification of GVHD that occurs when host APCs are deficient in Ikaros was unlikely to be due to differences in the DC subsets compared with WT controls. Furthermore, the phenotypic analyses of the DCs did not demonstrate a pattern of expression in the costimulatory or coinhibitory molecules to consistently explain the aggravation of GVHD in the absence of Ikaros in host APCs. Our data are also consistent with the observation that the maturity of DCs as determined only by the expression of costimulatory molecules is not always correlated with enhanced immunogenicity of the DCs. 42, 43 Nonetheless, the exact correlation between phenotype and T-cell stimulation will need to be further clarified in future studies. Although Ik Ϫ/Ϫ DCs showed similar responses to innate TLR-4 stimulation with LPS, they consistently demonstrated significantly greater stimulation of allogeneic T cells. The greater T-cell expansion was associated with increased amounts of IFN-␥ and IL-17, all of which exacerbate GVHD. This effect was observed in an in vitro mixing experiment demonstrating that the increased proliferation by Ik Ϫ/Ϫ DCs was due to an intrinsic cellular effect. Our data demonstrating increased allogeneic T-cell proliferation by DCs, macrophages, and total splenocytes suggest that the absence of Ik enhances the T-cell-stimulatory function of all hematopoietically derived professional APCs. However, our data did not directly address the impact of Ik deficiency on different APC subsets.
Consistent with previous observations in other cells, we found enhanced Notch signaling, as determined by the expression levels of several Notch-specific target genes such as Hes-1, pTa, and Deltex1, in the absence of Ikaros in DCs. 23, 24, 28, 29, 44 These data suggest that even in DCs, Ikaros and Notch antagonistically regulate target genes. Blockade of Notch signaling by a ␥-secretase inhibitor reduced the in vitro and in vivo allostimulatory effects of Ik Ϫ/Ϫ DCs. Furthermore, our in vivo observations, together with the recent observations that complete absence of Notch signaling in only donor T cells did not alter their in vivo proliferative response to alloantigens, 17 demonstrate a cell-intrinsic functional role for enhanced Notch signaling in Ik Ϫ/Ϫ DCs. These data are consistent with previous studies demonstrating a role for Notch signaling in enhancing DC functions. 19, 45 Moreover, both Ik Ϫ/Ϫ and IkDN ϩ/Ϫ DCs showed an increase in the expression of both the Notch2 and Notch3 receptors and the Jagged-1 and Jagged-2 ligands at steady state. Therefore, it is possible that the mechanism for constitutively enhanced Notch signaling in Ik Ϫ/Ϫ DCs might be a consequence of the de-repression of the expression of the some of the Notch receptor and ligands in the absence of transcriptional repression by Ikaros. Nonetheless, the specific Notch receptor-ligand interactions that are directly repressed by Ikaros are not known. 20, [46] [47] [48] Host hematopoietically derived APCs are also pivotal for the induction of GVL responses. 31 Ikaros has been shown to play a key role in the pathogenesis of several types of leukemia. [48] [49] [50] Deficiency of Ikaros is known to occur frequently in ALL 49, 50 and is associated with a high risk of relapse and poor outcomes. 51 Although these patients are often treated with allogeneic BMT, the relapse rates are higher, suggesting a reduced GVL effect despite not having any significant reduction in GVHD. Future studies will determine whether, despite the increase in GVHD, there is a lack of similar intensification or even a reduction of GVL in the absence of Ikaros in host hematopoietically derived APCs. In conclusion, we demonstrate for the first time to our knowledge a role for a novel molecular pathway, the Ikaros-Notch axis, in DC biology and as a critical pathway in host hematopoietically derived APCs for modulating GVH responses. Combined with recent data demonstrating a role for T-cell-intrinsic Notch in modulating GVHD, 17 and because multiple pharmacologic methods are available to inhibit the Notch pathway (some of which are entering human clinical trials), these data suggest that targeting the Ikaros-Notch axis in host hematopoietically derived APCs may be a represent a novel strategy for immunotherapy against GVHD.
